This study examined the contrast and spatial-frequency requirements for emmetropization in chicks. Chicks were form deprived from hatching either constantly or had this treatment interrupted with 20 min of"visual stimulation" each day. Visual stimulation comprised exposure to either a normal cage environment (i.e., normal vision) or environments that were restricted in either their spatial contrast or spatial-frequency composition. Constant form deprivation resulted in high myopia (e.g. -11.8 D after 5 days), with refractive changes being much smaller in chicks allowed 20 min of normal vision each day (e.g. -3.4 D). The restricted contrast environments (contrast range: 9-78%) were generally only slightly less effective than the normal cage environment in preventing form-deprivation myopia. However, in the case of restricted spatialfrequency environments, both the intermediate (0.86 cycles deg -l) and mixed spatial-frequency environments significantly reduced the form deprivation response, while both the high (4.3 cycles deg -1) and low spatial frequency (0.086 cycles deg 1) stimuli, as well as the composites of these, were less effective in preventing form-deprivation myopia. This spatial-frequency dependence did not vary when, instead of white light, monochromatic illumination was used to eliminate chromatic aberration, although all groups showed more myopia under this condition. It is assumed that the observed inhibitory effects on form-deprivation myopia reflect the adequacy of the visual information presented during the period of visual stimulation for emmetropization in chicks. In this context, the data imply a mid-spatial-frequency tuning in the current study and a low contrast threshold which was not reached for this emmetropization process. Finally, the data hint that chromatic aberration may have some role as a cue to defocus in emmetropization. © 1997 Elsevier Science Ltd.
INTRODUCTION
In developmental terms, emmetropization is used to describe the decline in neonatal refractive errors and has been observed in humans (Mohindra & Held, 1981) and many animals (Thorn et al., 1976; Kiely et al., 1987; Norton & McBrien, 1992) . For example, large refractive errors, usually hyperopic in nature, are seen in newly hatched chicks and these refractive errors rapidly decrease over a period of 6-8 weeks (Wallman et al., 1981) . There is increasing evidence that the process of emmetropization is an active one, the most convincing evidence coming from studies with chicks in which spectacle lenses were used to impose focusing errors; the chick eye rapidly compensates for such errors, be they myopic or hyperopic, by appropriately adjusting its growth (Schaeffel et al., 1988; Irving et al., 1992) . Such compensatory responses have also been observed in other animals including tree shrews and monkeys although their performance is generally poorer than that seen in chicks (Siegwart & Norton, 1993; Hung et al., 1995) . A second example of active emmetropization is the refractive recovery seen in eyes initially made myopic through form deprivation (Wallman et al., 1978; Norton, 1990) ; this treatment disrupts the natural emmetropization process, resulting in excessive axial eye growth and high myopia in chicks, but when normal vision is restored, eye growth temporarily stops, allowing the myopia to regress. The above observations imply a visually guided, active emmetropization process that has access to defocus information. Indeed, the results from studies using spectacle lenses with chicks suggest that their eyes can distinguish both the sign and magnitude of imposed focusing errors. In the same context, a possible explanation for the observation by Nickla et al. (1989) that formdeprivation myopia was reduced in chicks allowed some "normal vision" each day, is that the chick eye is able to sample its refractive status during this period, and so 2011 2ll12 K. L, SCHMID and C. F. WILDSOET generate a correcting growth signal which opposes that produced by form deprivation. As little as 2 hr of normal vision per day has been shown to greatly reduce the magnitude of form-deprivation myopia (Nickla et al., 1989; Napper et al., 1995) .
A logical extension of this discussion is that the emmetropization process accesses specific cues to defocus and although this topic has been the subject of much speculation, there have been only limited attempts to address it. The study reported here investigated the significance of contrast and spatial-frequency information for emmetropization. With continuous form deprivation, the amount of myopia produced appears to be directly related to the extent of image degradation as measured in terms of both the contrast degradation and the differential loss of high spatial-frequency information (Bartmann & Schaeffel, 1994) . Thus, if we can assume that the emmetropization process fails under these conditions because it lacks adequate information about the eye's refractive status, then the corollary to this is that the emmetropization mechanism must make use of high contrast and/or high spatial-frequency information. Why might these stimulus parameters be important? Firstly, when images are degraded by defocus, spatial contrast is reduced in range and amount in proportion to the magnitude of defocus (Campbell & Green, 1965) . Secondly, because of these effects on contrast, and the general visual requirement of more contrast for the detection of high spatial frequencies compared to mid-tolow frequencies, spatial frequencies are differentially affected by defocus, with the visibility of high frequency components being affected first, and that of lower frequencies being progressively affected with increasing defocus (Campbell & Green, 1965; Charman & Heron, 1979; Bradley et al., 1991) . Ultimately, if defocus is sufficiently large, contrast may be reduced to subthreshold levels across the entire frequency range.
We adapted for our study, the intermittent form deprivation paradigm used by Nickla et al. (1989) . Here, we make use of the assumptions that: (i) the nature of the visual information available during daily periods of "normal vision" would determine how well the effects of the form deprivation otherwise experienced were overcome; and (ii) that the visual requirements thus demonstrated reflect those of the emmetropization process. We restricted either the spatial-frequency or contrast information available during periods of "normal vision". We also repeated the spatial-frequency component of our study under monochromatic conditions, as a means of eliminating chromatic aberration as a cue to defocus. We found that the emmetropization process was relatively unaffected by reductions in contrast over a wide range. On the other hand, emmetropization appeared to be spatial-frequency tuned and was less effective under monochromatic conditions.
METHODS

Animals' and experimental treatments
One-day-old, male White Leghorn-New Hampshire cross chicks were used in this study. Chicks were reared in cages individually lit by overhead daylight fluorescent lights giving 250 lux at the level of the food troughs and set to a 12 hr on/12 hr off cycle. Food and water were provided ad libitum and the cage temperature kept at 30°C.
Chicks were monocularly form deprived using white, opaque plastic dome-shaped diffusers. The diffusers were attached via velcro ring supports so that they could be removed as required. The chicks were either form deprived constantly for 10 days from hatching or deprivation was interrupted from day 2 with 20 min of "visual stimulation" each day. Visual stimulation was provided by either: (i) a normal cage environment (which included other chicks, food and food containers), or ones restricted in either (ii) contrast; or (iii) spatial frequency, as described in more detail in the following section. In the latter situations, the chicks had to be restrained to allow adequate control over their visual environment, and thus the duration of this period was kept to the minimum required to significantly reduce form-deprivation myopia under the control condition (i). White light illumination (fluorescent, 180 lux) was generally used during visual stimulation (ii and iii) with an additional experiment being conducted under monochromatic yellow light (sodium vapour, 589 nm, 300 lux) using the restricted spatial-frequency stimuli. The numbers of chicks used in each of these experimental groups are summarized in Table 1 and Table 2 ; HSF also presented at a slower speed (0.5 rev rain l), n = 6 (5).
Visual stimuli and their presentation
Restricted contrast. Four different restricted contrast conditions comprised high contrast (HC; 78%, i.e. approx, black on white), medium contrast (MC; 38%), low contrast (LC; 9%) and mixed (MXC = HC + MC + LC) contrast stimulus patterns. The high and low contrast settings represent the practical limits of the printing process used. The low contrast setting is just slightly greater than the contrast threshold determined for the Chicks measured at two time points: days 5 and 10 (White L.), days 6 and 10 (Mono. L). Number of chicks measured at the latter time point is shown in parentheses if different from the earlier time point. Stimuli rotated at a speed of 1 rev rain l; HSF also presented at a slower speed (0.5 rev rain-l), n = 6 (5).
pigeon (7%, Hodos, 1993) . These stimuli were spatialfrequency "rich", incorporating different shapes (squares, circles, triangles), which ranged in overall size from 0.2 ° to 6 ° in angular subtense and were randomly arranged to cover approximately half of the surface area. All had sharp edges to ensure adequate representation of high spatial frequencies.
Restricted spatial frequencies. Five different vertical
grating patterns were generated from three different spatial frequencies: 4.3 (HSF), 0.86 (MSF), 0.086 (LSF) cycles deg ~, used alone or in combination (HSF + LSF = HLSF, HSF + MSF + LSF = MXSF). Samples of the appropriate single frequency patterns were arranged as adjacent vertical panels for the combination stimuli. For all of these stimuli the contrast was set at 78% (the maximum achievable in the printing process). Sine waves were used except for the highest frequency which had to be generated as a square wave for technical reasons. However, the latter is assumed to have simulated a sine wave pattern as the higher order harmonics (12.9 cycles deg t or greater) are likely to have been beyond the resolution limit of the chick eye (behavioural estimates of acuity in the chick range from 1.5 cycles deg -1 (Over & Moore, 1981 ) to 4-6 cycles deg -1 (DeMello et al., 1992) ) and would also be attenuated by any small amounts of defocus. Before choosing our high frequency stimulus, we also first confirmed that the chicks could resolve this stimulus.
Generation of stimuli. Stimuli were generated on a Macintosh computer and printed using a photo-typesetter to obtain high resolution prints. These prints were subsequently scanned into the computer and intensity distributions plotted to verify their profiles. For the fixed contrast stimuli, contrast and mean luminance were estimated for the experimental conditions in which they were used, from measurements of luminance for the figure and background components using a Hagner photometer (contrast = [Lmax -Lmin]/ [Lmax + Lmin] and Lmean = [Lmax + Lmin]/2; L .... Lmin, Lmean: maximum, minimum, mean luminance resp.). Slight differences in mean luminance were found between the stimuli; 54, 33 and 63 cdm 2 for the high, mid and low contrast stimuli, respectively.
Stimulus presentation. Stimuli were mounted on, and completely covered, the inside walls of a white, acrylic, cylindrical drum (50 cm diameter, 50 cm height), with due care being taken in mounting the stimuli to avoid "joining lines" which might have provided extraneous spatial-frequency information. The drum was also fitted with a floor and a lid, both made of the same material and which served to admit diffuse light but excluded distracting stimuli. Chicks were restrained in a small container fitted with a neck brace and located in the centre of the floor; this system ensured that the chicks were always at a fixed distance from the stimulus patterns but allowed relatively free (lateral) head movements. A blank collar fitted over the neck braces prevented the chicks from viewing either themselves or the restraining devices. Diffusers were removed once the chicks were in place in the drum. It was necessary to use moving stimuli to attract and hold the attention of the young chicks (they otherwise tended to go to sleep); to this end, the drum, but not the chick, was rotated at a speed of 1 rev min -~, with the direction of rotation being alternated every minute. As a separate experimental treatment, the HSF grating was also presented at a reduced speed (0.5 rev rain 1) to allow for the possibility that the chicks were not able to follow this finer stimulus at the higher speed. Finally, as reflections from the lined drum surface, although minimal, could have provided extraneous visual cues, the unlined drum (i.e., blank field) which had similar reflecting properties, was included as a control stimulus condition.
Measurements
Ocular parameter measurements were made initially on day 5, except for the monochromatic light condition where measurements were made on day 6. Data were also obtained on day 10 in all cases. Chicks that "lost" their diffusers, even if only for a short period, were not assessed after this and thus fewer chicks were measured at the later time point.
Ocular parameters. Refractive data and axial ocular dimensions were measured under halothane anaesthesia (1.5% in oxygen) using retinoscopy and A-scan ultrasonography, respectively (Wallman & Adams, 1987) .
. Effectiveness of restricted contrast environments for emmetropization. Differences (mean ± SE) between treated and normal eyes on day 5, in terms of (A) refraction; and (B) vitreous chamber depth following constant form deprivation (CFD) or deprivation interrupted with 20 min exposure to one of six conditions: blank field (unlined drum), restricted spatial contrast (9%, LC; 38%, MC; 78%, HC; or mixture of all three, 9, 38 and 78%, MXC), normal cage environment (NV). Differences between the NV and restricted contrast groups significant at *P < 0.05, **P < 0.01, ***P < 0.005, Fisher PLSD.
The chicks were not cyclopleged. Recorded axial dimensions were anterior chamber depth, axial lens thickness, and vitreous chamber depth. Corneal curvature data were obtained by infrared-video-photokeratometry according to the method of Howland & Sayles (1985) , with chicks anaesthetised using a mixture (2:1) of ketamine (100mg/ml) and xylazine (rompun, 20mg/ ml) (0.5 ml/kg). Refractive error and corneal curvature data are expressed as the average of readings obtained for the two principal meridians.
Data analysis
To assess the overall effects of the various stimulus manipulations, results were initially analysed using a one-way analysis of variance test (ANOVA). Following this, the Fisher PLSD test was applied, to further analyse differences between experimental treatment groups. Interocular differences were compared in all cases. Paired t-tests were used to assess interocular differences within groups; all were two-tailed and adjusted for multiple comparisons using the Bonferroni method. Unless indicated, mean results and standard deviations (mean ± SD) are reported. Experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, Differences between restricted contrast and normal vision treatment groups significant at *P < 0.05, * *P < (/.(11, • **P < 0.005, Fisher PLSD. Constant form deprivation (CFD) -11.6 ± 2.6*** -19.6 ± 6.0*** 0.45 ± 0.09*** 0.76 ± 0.25** Blank field (BF) -13.9 ± 3.9*** -15.5 ± 4.7*** 0.37 ± 0.14"** 0.56 ± 0.24* High spatial frequency (HSF) -10.8 ± 3.0*** -13.5 ± 6.0*** 0.39 ± 0.12"** 0.58 ± 0.34* Mid spatial frequency (MSF) -4.0 ± 1.5 -4.9 ± 1.8 0.17 ± 0.04 0.31 ± 0.10 Low spatial frequency (LSF) -7.4 ± 2.1"* -8.7 ± 5.2* 0.34 +_ 0.07** 0.56 ± 0.17" High-low spatial frequency (HLSF) -7.4 ± 3.1"* -9.7 ± 2.4* 0.35 ± 0.13"* 0.47 ± 0.13" Mixed spatial frequency (MXSF) -4.1 ± 1.2 -4.9 ± 2.1 0.22 ± 0.08 0.28 ± 0.11 Normal vision (NV) -3.3 + 1.6 -5.0 ± 2.4 0.17 + 0.08 0.29 ± 0.18
Differences between restricted spatial frequency and normal vision treatment groups significant at *P < 0.05, **P < 0.01, ***P < 0.005, Fisher PLSD.
NIH Publication No. 85-23 (revised 1985) and with the "Australian code of practice for the care and use of animals for scientific purposes" of the NHMRC. Some of these results have been previously presented in abstract form (Schmid & Wildsoet, 1993) .
RESULTS
Constant form deprivation
With constant form deprivation, the typical response of high myopia and enlarged vitreous chambers was seen ( Fig. 1 and Fig. 2 , Table 3 and Table 4 ). For the pooled data from the two studies, the refractive difference between form deprived and untreated fellow eyes was already -11.8 + 2.8 D at day 5 and increased further to -19.9 + 6.0 D by day 10; also corresponding to these changes, treated eyes showed relative increases in vitreous chambers of 0.47 _+ 0.10mm and 0.78 + 0.21 mm on days 5 and 10, respectively. There were also small increases in the anterior chamber depth of treated eyes, i.e., 0.05 + 0.04 mm and 0.10 ± 0.09 mm on days 5 and 10, respectively and these changes were statistically significant in both cases (anterior chamber changes: P < 0.01 (day 5), P < 0.005 (day 10), otherwise P < 0.001; paired t-test). Finally, the corneas of treated eyes were steeper than normal (1.5 -+-1.4 D, day 5 and 3.5 _ 2.1 D, day 10; P < 0.01, P < 0.01, paired t-test).
Daily periods of normal vision
The interruption of form deprivation each day by a short period of normal vision (cage environment), dramatically reduced the effects of deprivation ( Fig. 1 and Fig. 2 , Table 3 and Table 4 ). As the day 5 data show similar trends to those recorded at day 10, only these data are described in detail except where significant differences occur and for the same reason, this approach is also used in describing the results for the restricted visual environments; in all cases, refractive and vitreous chamber data for both time points appear in table form.
In the case at hand, very similar changes were observed in both studies and thus, the data are pooled here for the purpose of description. Treated eyes showed only a moderate myopic shift by day 5 (-3.4 + 1.5 D) and a small increase in vitreous chamber dimensions, i.e., 0.17 + 0.05 ram. These values represent reductions of between 60 and 70% compared with those recorded for constant form deprivation (CFD). Anterior chamber effects were likewise reduced, with only minimal change (0.02 +_ 0.02mm) evident on day 5, increasing to 0.07 + 0.07mm (67% of CFD) by day 10. Corneal curvature was not significantly affected (-0.9 _+ 3.1 D, day 5, NS, paired t-test).
Restricted contrast environments
With the exception of the LC condition, the restricted contrast conditions resulted in significant reductions in the effects of form deprivation, proving as effective as the normal cage environment in this respect (Fig. 1, Table 3 ). These results are described in more detail below.
It should first be noted that the blank field (unlined drum) condition was ineffective in significantly reducing the effects of form deprivation; chicks exposed to this condition showed similar changes to the CFD group (e.g., -13.9 _+ 3.9 D compared with -11.6 + 2.6 D on day 5; see also Table 3 and Table 4 ), even though the diffusers were removed for 20 rain each day, during which chicks were allowed unobstructed vision of the drum walls. This implies that this condition was similar to that imposed by the diffusers and that any extraneous reflections from the drum were of minimal significance.
Like the normal vision group, all "restricted contrast" groups showed reductions in myopia compared with the CFD group, although there were also intergroup differences as indicated by ANOVA (F5,45 = 26.3668, P --0.0001, day 5; F5,34 = 9.529, P = 0.0001, day 10). In order of increasing interocular differences on day 5, the data are -4.4 + 1.5 D, -4.8 ___ 1.2 D, -5.2 + 1.2 D and -6.9 ___ 1.2 D for the MC, HC, MXC and LC groups, respectively, compared with -3.6 + 1.5D for the normal vision group. The results for the LC group which recorded the smallest reduction, i.e., largest myopic shift (-6.9 + 1.2 D; 60% of CFD), were also statistically different from those of the other groups; LC vs MC (P < 0.005, Fisher), LC vs HC (P < 0.01, Fisher), LC vs MXC (P < 0.05, Fisher), LC vs NV (P < 0.005, Fisher).
As with the normal vision group, reduced refractive effects were coupled with reduced vitreous chamber effects. ANOVA again indicated a significant difference 2016 K.L. SCHMID and C. F. WILDSOET between the groups (F5,45 = 8.1349, P = 0.0001, day 5; F5,34=4.9879, P=0.0016, day 10) although this difference did not pertain to the restricted contrast groups alone which were not significantly different from each other. Mean increases in vitreous chamber depth ranged from 0.29 to 0.32 mm for the latter groups on day 5 [ Fig.  I(B) ; 60-65% of CFD], being in all cases, significantly larger than that of the normal vision group (0.20 ,+ 0.03 ram, NV, P < 0.05 in all cases, Fisher).
For all restricted contrast groups, anterior chamber changes were only small and similar to those seen in the normal vision group, ranging from 0.01 to 0.03 mm on day 5. Differences between the groups were not statistically significant at either time point. Not surprisingly, corneal steepening was also not seen; indeed, slight corneal flattening was measured in all groups on day 10, i.e., -1.2,+ 1.5D, -1.1 ,+3.1D, 1.2,+ 1.5D and -0.5 ,+ 2.4 D for LC, MC, HC and MXC, respectively, although the changes were not statistically significant.
Restricted spatial-frequency environments
Some but not all of the restricted spatial-frequency environments were able to simulate the effect of the normal cage environment in terms of its inhibitory effect on the response to form deprivation (Fig. 2, Table 4 ). Specifically, neither the HSF, nor the LSF stimuli, nor the stimulus generated by combining these two frequencies (HLSF) were as effective in preventing the effects of form deprivation as the normal cage environment, while the mid-spatial frequency (MSF), presented either alone or in combination (MXSF) was.
The statistical significance of this spatial-frequency dependence was confirmed for refractive changes by ANOVA (F6,52 = 15.2532, P = 0.0001, day 5;
F6,47 = 3.8187, P = 0.0035, day 10). Recorded interocular differences were -4.0 ,+ 1.5 D and -4.1 ,+ 1.2 D for the MSF and MXSF groups, respectively on day 5, compared with 10.8 ,+ 3.0D, -7.4+2.1 D and -7.4 ,+ 3.1 D for the HSF, LSF and HLSF groups, respectively, and in percentage terms, these data represent reductions relative to the effect of CFD of 65% for the MSF and MXSF groups, and of only 10-35% for the other groups. Indeed, the HSF group was not significantly different from either the CFD group (-11.6 ,+ 2.6 D) or the control group exposed to the blank field (-13.9 ,+ 3.9 D). Furthermore, reducing the drum speed of the high frequency stimulus by half did little to change the outcome; the observed refractive change for the latter condition was -11.2 ± 3.0 D.
Here also, the refractive changes correlated well with changes in vitreous chamber dimensions. Thus, the stimuli that were poorest at preventing myopia, i.e., HSF, LSF, and HLSF stimuli, also produced the largest increases in vitreous chamber depth and the converse was also true. For example, the vitreous chamber increases of the HSF, LSF and HLSF stimulus groups (0.39 ± 0.12 mm, 0.34 ± 0.07 mm and 0.35 _+ 0.13 mm, respectively, on day 5) were only slightly smaller than that of the CFD group (0.49 ± 0.10 mm), while the increases for the MSF and MXSF groups of 0.17 + 0.04 and 0.22 ,+ 0.08 mm were similar to that of the normal vision group (0.17 ,+ 0.08 ram).
Anterior chamber changes also exhibited a spatialfrequency dependence, with the groups exhibiting the least vitreous chamber changes (MSF, MXSF) showing the smallest change in anterior chamber dimensions. Indeed, for the MSF and MXSF groups, changes were negligible on day 5, i.e., -0.01 ,+ 0.02ram and 0.09 + 0.03 ram, respectively, and only slightly increased on day 10. The equivalent values for the HSF, LSF and HLSF groups are 0.07 ,+ 0.03 mm, 0.03 ,+ 0.03 mm and 0.05 _+ 0.03 mm, respectively, which, in the case of the HSF group data, exceeded the response of the CFD group. The disparity between the CFD group and the latter three restricted frequency groups was even smaller on day 10. Eyes with deeper than normal anterior chambers exhibited steeper than normal corneas by day 10, i.e., 2.9 + 9.4 D, 0.5 _+ 4.0 D and 0.5 _+ 2.4 D for HSF, LSF and HLSF groups, respectively, although the changes were not statistically significant (P > 0.05 in all cases, paired t-test).
Restricted spatial-frequency environments' under monochromatic light
Changing from white to monochromatic light made little difference to the overall trend in the data, in that here also the MSF and NV groups showed similarly reduced responses compared with those of the HSF and LSF groups (Table 5 ). These differences were clearly evident in both refractive and vitreous chamber data, and were confirmed statistically for both data sets and time points [ANOVA: F4,26 17.8758, P----0.0001, day 6; F4.23 = 17.1808, P = 0.0001, day 10 (refractions); F4,26 = 3.675, P--0.0168, day 6; F4,23 --3.1635, 10,8 + 2.2*** -17.1 ± 1.9"** 0.37 + 0.17" 1/.72 ± 0.21"* 6.3 ± 1.1 -6.9 ± 1.5 0.25 + 0.06 0.31 _+ 0.15 -10.5 + 1.1"* -13.6 ± 2.8* 0.31 ± 0.03* 0.33 _+ 0.42 6.4 ± 1.1 -8.6 ± 2.1 0.24 + 0.08 0.31 + 0.15
Differences between treated and normal eyes (mean + SD). Differences between restricted spatial frequency and normal vision treatment groups significant at *P < 11.1)5, **P < 0.01, ***P < 0.005, Fisher PLSD. P = 0.0329, day 10 (vitreous chamber)]. For example, on day 6, the NV and MSF groups recorded refractive changes of -6.4 ± 1.1 D and -6.3 +_ 1.1 D, respectively, compared with -10.8 -+-2.2 D for the HSF group and -10.5 _+ 1.1 D for the LSF group. The vitreous chamber effects were in accordance with these differences, with the MSF group showing the smallest increase, i.e., 0.25 _+ 0.06 mm, and the HSF group, the largest increase, i.e., 0.37_ 0.17 mm. The refractive changes tended to be larger than those recorded under the corresponding white light condition although statistical significance was only reached for the LSF stimulus (P < 0.05, two-tailed t-test).
DISCUSSION
Constant form deprivation and interruption with normal vision
This study was designed around an intermittent form deprivation paradigm developed by Nickla et al. (1989) and aimed to investigate the nature of stimulus parameters which might act as cues for emmetropization. In the study of Nickla et al. (1989) , normal vision for 2 hr per day was shown to greatly decrease the magnitude of form-deprivation myopia and we found that even 20 min of normal vision substantially reduced this myopic response; this shorter period was also more compatible with our need to restrain the chicks during their exposure to controlled visual environments. Our hypothesis was that the apparent inhibitory effect of normal vision on this form deprivation response reflects the reactivation of the emmetropization process and furthermore, that this effect was contingent on access to adequate defocus information during the period of diffuser removal. We assumed that any passive, shape-driven emmetropization process (Wallman & Adams, 1987) would have a negligible contribution to any of the effects observed, given the short period over which it had to operate. Our manipulations of the spatial frequency, but not the contrast composition of the stimuli presented during this period substantially altered the effectiveness of this period without diffusers in reducing form-deprivation myopia, and we interpret this result as indirect support for our working hypothesis. The following discussion provides reasons for our conclusions and also deals with the implications of our results.
Visibility of the stimuli
Fundamental to the interpretation of our results is that the chicks were able to resolve the stimuli presented during the period of "normal vision"; if not, the imposed *Using the same approach, we estimate chicks can resolve between 7.7 and 8.6 cycles deg 1. tAgain using OKN responses as an index of visibility, we estimate the contrast thresholds for the range of spatial frequencies used to range between 4 to 40%, with the highest threshold corresponding to the high frequency stimulus. The lower limit compares favourably with the peak performance of 7% reported for pigeon (Hodos, 1993) .
conditions would have been essentially no different from the form deprivation condition to which observed myopic responses were attributed. It was especially important to verify this for the high spatial-frequency stimulus which was at the limit of the reported behavioural acuity estimate of the chick (DeMello et al., 1992) although retinal ganglion cell data for the chick (Ehrlich, 1981) predict an acuity of 12.9 cycles deg -1. We made use of optokinetic nystagmus (OKN) as an index of visibility to verify firstly, that the chicks were capable of resolving the stimuli at the commencement of the experiments, i.e., on day 2, and secondly that any early refractive effects of form deprivation did not interfere with the visibility of the stimuli.* All of a group of seven chicks, viewing with their treated eyes only, showed OKN responses to all of the contrast-limited and spatial-frequency-limited stimuli on day 2. Also measurement of the myopic shift produced by form deprivation from hatching to day 2, when the visual stimuli were first presented, indicated that it was small, approximately 1.5 D, and as chicks are normally more than 3 D hyperopic at this age, such shifts simply reduce their hyperopia and, thus, the accommodative demand required to view the stimuli. Furthermore, we observed OKN responses in chicks with artificially induced refractive errors of up to 10 D in magnitude (hyperopia or myopia) for the HSF, MSF and LSF stimuli. This surprisingly good tolerance of myopic defocus is likely to reflect in part the fact that chicks have substantial capacity for negative accommodation (Troilo et al., 1993) and also the fact that the close proximity of the drum wall effectively neutralized some of this error (i.e., 4D). The same factors are relevant to the experimental conditions used in the current work although in this case, the fellow normal eyes of the chicks were not covered during the period of visual stimulation to avoid any confounding effect of brief deprivation of these eyes. However, while we cannot define the relative contributions of the experimental and fellow eyes to the OKN responses observed during the periods of visual stimulation, the fact that accommodation is not consensually linked in chicks, should allow them to achieve clear focus of the stimuli with either or both eyes, for a range of interocular differences in refraction.
The different spatial-frequency gratings used in this study were made to the same high contrast (78%). This design decision was made for two reasons: firstly, it was argued that high contrasts are more representative of a normal environment. Secondly, it was important for the stimuli to be well above the retinal contrast threshold.t Nonetheless, while all of the grating stimuli should have been well above this threshold, it is likely that they were not equally visible, with the high frequency stimulus having the lowest visibility, owing to optical factors alone.
The role of contrast in emmetropization
The natural environment contains a rich array of contrasts and it is possible that contrast information could be important to the detection of defocus, which has the effect of removing high contrast information and simultaneously reducing the range of contrast. Two different models are developed below to explain how image contrast might affect emmetropization.
The first model assumes that contrast per se is not of direct relevance to the analysis of defocus, but rather that contrast must exceed a critical threshold so that spatialfrequency information can be extracted; in this case, low contrast stimuli are most likely to be rendered subthreshold by small myopic shifts in refraction, wherein "form deprivation conditions" would prevail.
The second model assumes that contrast information, monitored across time, provides information about defocus. This concept has been described by Bartmann & Schaeffel (1994) , and Wallman (1993) also described a similar model in explaining how hyperopia and myopia could be distinguished during emmetropization. The model predicts that exposure to low contrast is synonymous with high hyperopia, where targets at all distances are likely to be near or outside the range of accommodation and thus blurred. On the other hand, highly myopic eyes are likely to experience higher contrast conditions, as a consequence of their eyes being naturally focused at near targets.
The above model predicts that the low contrast condition will stimulate eye growth but this prediction is not borne out by the data. Indeed, all of the restricted contrast stimuli were effective in reducing the form deprivation response although at 10 days, refractions were, on average, 1.5 D more myopic for the low contrast group compared with the high contrast group and much more variable. The latter trend is in the predicted direction; also the increased variability in the data could indicate that the subthreshold condition connected in the first model, was reached for some but not all birds.
The role of spatial frequency in emmetropization
The underlying hypothesis providing the rationale for the second experiment of our study was that emmetropization might be spatial-frequency tuned. If, like accommodation, emmetropization can be viewed as a focusing mechanism but with a longer time constant, then perhaps like accommodation it is also spatial-frequency tuned. With respect to human accommodation, while there seems to be general agreement that accommodation is spatial-frequency tuned, there is less consensus about the exact nature of this tuning. For example, Owens (1980) has suggested that accommodation is tuned to intermediate spatial frequencies, near the peak of the contrast sensitivity function, although tuning to high spatial frequencies is suggested by the observation that responses are more accurate for square wave stimuli than for sine waves of the same fundamental frequency (Charman & Tucker, 1977 Ciuffreda et al., 1987) . *We also have data based on OKN observations, indicating that the peak of the contrast sensitivity function of the chick is at approx. 1.2 cycles deg 1.
The grating stimuli used in the current study were chosen to cover the presumed spatial-frequency resolution capacity of the chick and by analogy with Owens' (Owens, 1980) model for accommodation, one might expect that the stimuli containing spatial frequencies at the peak of the chick's contrast sensitivity function would have been best at preventing form-deprivation myopia in our paradigm. Extrapolation from either of the accommodative models would predict that the low spatialfrequency grating would be least effective in preventing this response. This prediction of a mid-frequency tuning for the emmetropization process is supported by our data.* The mid-spatial-frequency stimulus was as good as normal vision in preventing form-deprivation myopia as was the mixed spatial-frequency stimulus, while the high and low spatial-frequency stimuli and also the stimulus representing their combination were extremely poor at preventing form-deprivation myopia. Indeed, the high spatial-frequency stimulus and constant deprivation produced similar amounts of myopia. Thus, the data imply that emmetropization is "spatial-frequency tuned".
One can argue why developmentally, it would be inappropriate to use high spatial frequencies to guide emmetropization? One argument against their use is that they are more susceptible to attenuation by focusing errors, which are commonly encountered as neonatal refractive errors in young animals; furthermore, such refractive errors can be corrected, at least in part, by natural eye growth, i.e., passive emmetropization, without resort to any active process (Wallman & Adams, 1987) . The conclusion that high spatial frequencies are not fundamentally important is also consistent with the observation that emmetropization also occurs under relatively dim, photopic conditions, where high spatialfrequency resolution performance is presumably compromised (Schmid, 1994) .
Apart from the proposal put forward already, an alternative explanation of the spatial tuning apparent in our data could be that the mid-frequency stimulus condition produced more retinal activity than the other two conditions, assuming that greater retinal activity translates into greater inhibition of the form deprivation effect. The latter assumption has some support in studies using strobe stimulation which are discussed in the following section. Also as already noted, it is likely that the high frequency stimulus was less visible and this may translate into less retinal activity. The same is likely to be true for the low-spatial-frequency stimulus and the visibility problem in this case may have been exaggerated by our choice of the same speed of drum rotation as for the mid-spatial-frequency stimulus (to generate a similar pattern of retinal transients in response to moving stimuli, lower frequency patterns would need to be moved at a faster speed).
In attempting to explain the spatial-frequency dependence indicated in these results, we sought to also rule out the possibility that the moving gratings simulated the strobe rearing conditions which have also been demonstrated to reduce the effects of form deprivation Brennan et al., 1993; Rohrer et al., 1995) . However, in a related study, we found that daily exposure to 20 min of strobe lighting using frequencies selected to approximately simulate the conditions created by the moving gratings (25, 5 and 2.5 Hz) resulted in average myopic shifts ranging between 11 and 12 D, compared with 15 D in a control group raised normally. This negative result implies that the inhibitory effects of the grating stimuli were not simply due to an increase in temporal transients generated by their movement and is also consistent with the fact that the chicks did not simply stare straight ahead but tracked the stimuli, thus reducing this predicted effect of stimulus movement. Furthermore, it indicates that short exposure to an environment enriched in temporal information only is not as effective as one enriched in spatial information in preventing formdeprivation myopia, although it should be noted that none of the above three temporal frequencies fall within the "optimum range" (around 10Hz) for inhibition, as indicated by previous strobe studies (Brennan et al., 1993) .
As an aside, it should be noted that experimental paradigms that disrupt the normal light-dark cycle have also been shown to reduce the effects of form deprivation in chick, presumably by perturbing the ocular growth rhythms in some way. For example, Gottlieb et al. (1992) showed that chicks exposed to alternating periods of light and dark (each of 15 min duration) throughout their day and night were significantly less myopic than those exposed to a regular 14 hr on, 10 hr off light cycle. However, the fact that a similar phenomenon underlies our results, associated with the daily increase in light reaching the retina during the periods without diffusers, is incompatible with our observations of a spatial-frequency dependence to our effect and the minimal effect of our blank field condition.
It is interesting to speculate on the implications of our proposal of an emmetropization mechanism tuned to mid-spatial frequencies, for the "lens studies" which have provided the most direct evidence to date of active emmetropization. Bartmann & Schaeffel (1994) predicted for the chick eye that the spatial filtering effect of defocus levels greater than 2.5 D would result in the loss of frequencies above 2 cycles deg -1. However, although not specifically stated, this estimate is presumably for a single object plane at infinity and no accommodation, and thus represents an oversimplification of the normal situation. Other data indicating that chicks can compensate for a large range of defocus levels (Irving et al., 1992) , taken together with the visibility data obtained with the simulated refractive errors reported here, are more compatible with our model.
Longitudinal chromatic aberration
Longitudinal chromatic aberration, as a cue to defocus, potentially contains information about both the magnitude and direction of defocus and the chick eye has sufficient chromatic aberration (with over 3 D; Schmid, 1994) , for it to subserve such a role during emmetropization. Also, while previous studies (Schaeffel & Howland, 1991; Wildsoet et al., 1993; Rohrer et al., 1992) , have shown that emmetropization is not dependent on longitudinal chromatic aberration alone as a cue to defocus, they do not rule out the possibility that it might be important when alternative defocus cues are eliminated. For example, in a recent accommodation study by Stone et al. (1993) , longitudinal chromatic aberration was found to be the principal source of retinal blur at 3 cycles deg -a for moderate pupil sizes and a fundamental cue to reflexive accommodation. Thus, in relation to the chick's emmetropization mechanism, there may also be an optimal spatial-frequency range over which chromatic aberration operates as a cue to defocus, perhaps around 1 cycle deg -a, which proved most effective in inhibiting form-deprivation myopia in our intermittent vision paradigm. While we observed a similar spatial-frequency dependence with our monochromatic conditions to that seen under white light, i.e., those stimuli which were good at reducing the form deprivation response remained so, and vice versa, the monochromatic condition resulted in larger myopic shifts in refraction. The latter trend is consistent with emmetropization being poorer in the absence of chromatic cues to defocus, although the effect is not dramatic.
Significance for myopia due to visual deprivation
Traditionally used deprivation techniques such as lid fusion, and "occlusion" are presumed to share three main optical effects with respect to the retinal image: reduced retinal illumination, low pass spatial-frequency filtering and decreased contrast across all spatial frequencies (Hodos & Kuenzel, 1984; Bartmann & Schaeffel, 1994) . The fused lids, because of their inner conjunctival lining, also alter the spectral composition of the retinal image by absorbing more strongly in the short wavelength region (Crawford & Marc, 1976; Loop & Sherman, 1977; Wildsoet, 1992) . In relation to chick studies, Bartmann & Schaeffel (1994) have recently followed up an earlier qualitative description of the optical properties of diffusers by Hodos & Kuenzel (1984) by measuring modulation transfer functions for a range of diffuser materials. They report a correlation between the amount of myopia induced and the density of the diffuser material used, and furthermore that the materials which produced myopic responses also caused significant reductions in contrast for spatial frequencies above 2 cycles deg -1. This contrasts with our conclusion that slightly lower spatial frequencies, i.e., our "mid" frequency of 0.86 cycles deg 1, are compatible with emmetropization. However, interpretation of the above data (Bartmann & Schaeffel, 1994 ) is confounded by two factors: firstly, even "clear" diffuser materials are likely to cause significant image degradation in vivo because of condensation, and the accumulation over time, of feather dust and other material on the inside of the diffusers. Secondly, while the pooled refraction data exhibit the trend described above, axial length data for individual treatment groups do not. Nonetheless, in our hands, almost clear diffusers result in low hyperopia (approx. +1 D) rather than myopia after 5 days of wear and thus, in accordance with our spatial-frequency tuning hypothesis for emmetropization, this suggests that the mid-frequency spatial frequencies were passed by these diffusers.
The observation that form-deprivation myopia is attenuated by intermediate spatial frequencies but not high frequencies also has implications for the proposal put forward as an explanation for the apparent association between reading and myopia by Wallman et al. (Wallman et al., 1987) that printed text, because of its rich high spatial-frequency content, "deprives" non-foveal neutones with large receptive fields. The results presented here raise the alternative possibility that a relative deficiency in mid-spatial frequencies in text may be responsible for this myopia.
CONCLUSION
This study indicates that while emmetropization is relatively insensitive to changes in the spatial contrast of the visual world (only when contrast is extremely low is emmetropization adversely affected), it is sensitive to changes in spatial frequency. Furthermore, the emmetropization process appears to be tuned to mid spatial frequencies and this tuning persists when chromatic aberration is eliminated.
